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SUMMARY 



This report presents the results of systematic model 
experiments on the hydrodynamic characteristics of flying 
toats, aimed primarily at developing a comprehensive view 
of the factors influencing porpoising and of their rela- 
tive importance. The experiments "radiated" from a given 
reference ship; they embrace changes, over reasonably 
wide ranges, in the value of each of a number of variables 
treated inderiendent ly . 

The experimental results are summarized in a series 
of 25 figures, each of which gives the complete data for 
all the modifications of one variable. 

The results are further condensed for easy reference 
in charts 1 to 3, which follow the Summary. In these 
charts the principal portions of the summary fi^ur-- are 
reproduced at smaller scale and are arranged in^^rroups 
according to the type of the variable they represent. 
Here the relative influence of the variables is brought 
out merely by the relative "blackness" of the charts.' 

The major conclusions which follow are based upon 
the ranges of change of the variables indicated on the 
summiary figures .* 

1. The stability limits for a given hull under various 

^loadings and aerodynamic conditions are determined (l) 
primarily by the three variables which govern the load on 
the water in steady motion - gross load , wing lift at 

arbitrary trim angle Z^, and rate of change of lift with 

The complete set of data from which the figures in this 
report were prepared and on which the analyses in this 
report were made may be obtained on loan from the Office 
of Aeronautical Intelligence of the National Advisory 
Committee for Aeronautics, Washington, D, C. 



2 



trim Z9 and (?) secondarily l:^y th^- tail damping r^^te 
Mq. Increasing the wat er-'l:orne load r^.if^es l3oth limits 
without materially affecting the width of the stahle ran^e; 
increasing the tail damping r^-^te lo' er^ the lower limit pit 
high speeds - the m^^gnitude of the effect iJc-ing greatest, 
however, at damping rat-?s c o nr, i d er ah 1 y "be^ow normal. 

2. Alterations to the afterho^-'y, unde-^ given loading and 
aerodynamic conditions, m^^y alter the u-o^er lim^it -^nd the 

p-vak value cf th-=^ lower limit in the vicinity of the humr; 
they do not alter th? lowpr limit at hirh-^r sT>e-'^ds. Th^ 
hum-D trim and the hvTp.x) r ^ i s t --^ nc ^ in ste^^dy mntion follow 
th^. variation of the T>eak of the low^r limit. Af^. ^lumi ng a 
r^asonahle length, the most Powerful aft^-^rho^y variphl^ is 
the angle hetwe'^n a pr ol ong^^ t i on of the foreh^dy ke^l and a 
line .joining the tip of the m^-in step with the tip of th-^ 
stern iDOst. Increasin,<^ this angle raises the hum-n trim ?^nd 
re?^istance and the vvr^^r limit of stahilit?^; if carried far 
enough, it will supr-ress upp^r-limit PorT^oising at high 
speeds. Increasing the step h==ight -^Iso suppresses u-rnD^r- 
limit T>orpoising at high speeds. 

3. Alterations to the for:^hody, under giv^n loading and 
aerodynamic conditions, m^y alter both limits but tend 

to affect principal 'y the low-r limit at high spe ds. If 
sufficient forebody length to provide flotation nnd to pre- 
v=:nt diving at 1 ov/ speeds is assumed, the most Dowerful 
forebody variable is the amount of war-^ing of the bottom 
in the region .just ahe-d of the main s t . Increasing the 
warping lowers the lov;er 1 i • i t at high speeds but r^-^ises 
the humip resistance. 

Finally, as a tentative, v-ry broad conclusion: Hone 
of the modifications considered in the exTDeriments was 
successful in -eliminating comipletely '^ither upper-limit or 
lower-limit T^crpoising and, in general, modifications 
which t-nded to ir:prove the porr^oising characteristics 
tended to injure the rrrsistanc^ charact --rist ics • Fddifica- 
ticns of th'=^ loading or of the aerodynamic conditions (that 
is, of the V'-riable of groups I and IT shov^n in charts 1 
and 2) w^r^ found not to affect the c ha r a c t - i s t i c s ar«- 
■oreciably except as they influ^nc^d th^ net wat^r-borne 
load; modifications of the hull form (taking group III, 
chart 3, in its entirety) h^^d larger effects, but thesp 
modifications w-=re mainly variations on a giv.-n p-^r^nt 
form. It fellows that ••^ny sif^nificant im^r ov?=-ment in both 
porpoising and resistance characteristics must defend upon 
imrroving the basic D'-rent form cf the hnll. 
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CHART 1 



Gro^p r - Weight and inertia loading 
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INTRODUCTION 



Porpoising is a sel f sus t ai ning oscillatory motion 
in the vertical longitudinal plane, which occurs at plan- 
ing speeds. It can originate in an insta"bility of the 
uniform longitudinal motion in smooth water and does not 
depend for its persistence upon any system of periodic 
disturbing forces such, for instance, as is provided 
head seas. In the words of one test pilot, "It is always 
unpleasant and it may "be catastrophic," 

Observations of porpoising show that there are really 
two principal oscillatory motions (l) a vertical oscilla- 
tion of the center of gravity and {?/) an angular oscilla- 
tion about the center of gravity. These two motions are 
seen to have the same period but to differ in phase. The 
necessary energy to sustain porpoising must evidently be 
drawn from the horizontal propelling force, there being 
no other possible source. The average walfer resistance 
must therefore be greater than for steady motion under the 
same conditions if the speed is held constant, or the av- 
erage speed must be less if the propelling force is held 
constant. In the latter event, an oscillation in the hor- 
izontal speed may be added to the two motions described 
above, but this is usually small and may ordinarily be 
di sr egarded , 

Two main classifications of porpoising are distin- 
guishable with hulls of conventional type: 

(1) Low angle or "lower-lim.it" porpoising, which 
occurs at relatively low trim angle^^^, is clearly at- 
tributable to instability of the forebody planing 
alone and is largely uninfluenced by the afterbody 

(2) High angle or "upper-limit" porpoising, 
which occurs at relatively high trim angles, is 
clearly attributable to interaction between the 
for'ebody and afterbody and is influenced in important 
respects by changes in the afterbody form 

There is usually a region of stable trim anglec be- 
tween the regions in which these, two classes of porpois- 
ing occur. The stable region is conveniently described 
by a statement of the trim angles at the upper and lower 
"limits of stability." The objective in designing is to 
eliminate porpoising or, failing this, to widen as much 
as possible the range of stable trim an>Tle? between the 
twolimiits. 



Por-ooisin^ ph ^noir -~-n^'^ hf^v^ y)^^.n sturii^d "by th'^or^ti- 
cal J=in^lysis of the conditions for stal)ility, c=^ta.rtin^ 
from thp "basic eouations of motion (reference's 1 and ?). 
To date, this ^prroach h-^s f^^iled to ad^ranc ^ m^t^ri^lly a 
d^tail^d understanding of the r^henomena, ^nd it reouir^s 
so much t iir^- c onsum In/? la>or ar to render its rractical 
application in individual cases n'=^rly -or ohih i t i v = . 

Fost of what is now known ahout ^crroisin^ h^s "be^-n 
I'^arn-d through model exD e r i m -^nt s corduct-d with due re- 
g'-^rd to the dynamic requirements. The inh-^r-^-nt d-^n^^r to 
the actual ship limits the scoT>e of systematic ^xto -^r iment s 
on -nor^oisin^F at full sca^e, and mod-1 ^xm.^riments have 
the additional adv^mtage th^t the t^st conditions c^n he 
more accurately controll?d ?^nd the t^-st results therefore 
more readily interpreted. Suffici^-nt ^vid^nc^ exists to 
indicate satisfactory correlation h-^tween ship and model 
Porpoising in basic r-spects. 

Because of the inherent d-^ng-^ ^o the shir) and the 
consequent need of advance warning on por-noisin^ charac- 
teristics, mcd-^1 experiments in the past have tend-'^d to 
place the emiohasis on predicting the char-^cteristics of 
individual designs rather th^^n on developin^^ a 'brO'':!d pic- 
ture of the influence and rel.^tiv^ i ir:p o r t nc e of th- var- 
ious factors involved. The latter Doint of view w^s 
adoT;ted for t h investigation which forms th:^ subject of 
this re-Dort. In addition, through s i m^. 1 i f i c t i o n of the 
testing procedure -nd the use of an unusunlly sm.all model, 
the exp-=^r iment al work h^ s "b^-'-n mat^ri'^l"'y cc ^-1 er at ed so 
that cons i d ^r ^^hl ^ ground c^n "b ^ ccve^-d in a short tim^. 

The ex-oeriments followed r^rogr^^m designed primarily 
to gain perso-^ct ive , and c on=^ id -r ahl e attention h^s h^en 
given to -nrpsenting th^ test r--sults in simol'^ form. Only 
the basic rorTDoising ch " r » c t '^^^r i s t i c s ^re considered; namely, 
the upP'^r ^nd lo'^r limits, ^s th^se would be determined in 
an actual shii) "by r esp c t i v e 1 y raising or lowerinp^ th^ trim 
angle from a me^n va.lije in the st^-ble rang'^*. Yari^^tions, 
part icul-rly of th-^ hiri^-angle tyr)-^ of r^orT^o i s i ng , nre known 
to exist; these h-»ve b-^en disregarded for t h = present in th^ 
interest of clarifying the basic types. 

The wcrk was undertaken with th^ financi-1 assistance 
of the National Advisory Committee for ^^ronautics. The 
-nrogr'-^m originally laid out was to p^r-^llel similar work 
cent em-nlat ed by thfrm. In the coursp of two years the T)ro- 
gram has been exr-'-^nd-'^d c o n =^ i der bl y 1 o ng independent lin^^s. 
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It is the pur-DOse of this re-nort to present the re- 
sults of certfiin systematic model ^:r-n ^riment s on flyinp-- 
ho--t hulls. Pcrnoisinf characteristics and s t eady-mot i on 
resistanc-s - re consider-d, hut th-^ rrincipal emobasis is 
on th- porpoising characteristics. Th= exT)-riments radi- 
ated from a given flying i-oat, taken as a b-^sic TDoint of 
d^partur=^.. The refer ^nc?. shir, us -d was the 7.PB2K-1, a 
representative modern design h-ving, for - gross weight 
of 140,000 pounds. - wing loading Aq/s of 3S.O T^ounds 
per square foot, and a be^.m Icadinr A^/wb^ of 0 . f59 . 
Each of a numbe?- of variables was a^ter^a, separately 
from the ethers as far as Possible, over a range of v-.l- 
ues embrr-cinfr th-3 normal value for the ref^-r = nce shit) qnd 
intended to be wide enough to cover all valu-s likely to 
be encountered in practice. The advantage of this proce- 
dure is that it materially si.Tplifies the oroblem of co- 
ordinating test results. It does not neces-arilv restrict 
the anplicabi] ity of the results to t h ■-- reference ship - 
provided that th^ rang-s of change of the v-^riabl-s ar« 
suf f ici-=ntly wid^. 

The radiating chart (fig. l) shows th- thre- groups 
into which th-^ variables ff^ll naturally: 

GrouT) I - eight and Inertia loadirg 
ffrouT) II - Aerodynamic Condit:ons 
Groun III - Hull Form 

and also th^ comr^on-^nt variables of ->ach p-ron-r which h"-re 
b--en covered, to date, by th= °xti -^r i m -nt =^ . Tt will be 
seen that the last grou-o is subdivid^^d irto 

GrouT) IIIA - Afterbody Form 

Group I TIF - Fcrobody Form 

GrouT) IIIE - Hull Form (As a itfhol-) 

The dimension? and particulars crnsid=>r-d as "normal" 
for ship and model (1/3O scale) are giv-n in table I. Th- 
basic hull lines are shown in fi.Ture 2. 

Condensed summary figures of test r-sults (figs. 6 to 
30j include all the pertinent data; all conclusions or 
generalizations are bas-d on the ranges of change of the 
variables which they show. Had the r-ng-g of change^ 
been extended "ad absurdum," scm-, of th^ conclusions and 
general!. -^tio,ns would undoubtedly have been altered 
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TEST METHOD 



Tests of a dynamic model, comolete with win^s and 
tail surfaces, are a recognized method of investigating 
the porpoising characteristics of individual flying-'boat 
and seaplane designs (references 3 and 4). Difficulties 
inherent in this method are 

(1) That the magnitudes and the influence on 
porpoising of the separate aerodynamic and hydrody- 
namic components of the variables involved are not 
easily evaluated 

(2) That scale or interference effects may 
easily prevent accurate reproduction of the full- 
size aerodynamic forces and moments 

(3) That the time and cost involved in construct 
ing and altering models is high 

The method used in the present investigation was de- 
signed to overcome these difficulties as far as possible 
and to permit direct studies of the hydrodynamic charac- 
teristics under rigidly controlled "aerodynamic" condi- 
tions. A dynamic model of the hull is used without wings 
or tail surfaces. The equivalent of the aerodynamic 
forces and mioments are applied by 

(1) A calibrated hydrofoil for lift forces and 
force derivatives 

(2) A calibrated spring and a calibrated dash- 
pot for aerodynamic moments and moment derivatives 

All these are readily ad,1ustable to produce magnitudes 
corresponding to any desired air structure. 



DESCRIPTION OF APPARATUS 



A diagrammatic sketch and a photograph of the appa- 
ratus used in the porpoising experiments are shown in fig- 
ures 3 and 4. 

The main frame is fitted with vertical tracks guided 
by rollers so that it is free to move vertically but 
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otherwise restrained with rec,pect to the towing carriage 
Of the tank. The model is attached to the forward end of 
this frame through pivots at the center of gravity which 
allow freedom in pitch; the after end of the frame carries 
the supporting column for a hydrofoil. This frame trans- 
mits tne lift of the hydrofoil to the model; its weight, 
witn all the attachments moving with it, is a part of the 
gross weight of the model„ 

The walking heam, pivoted on the main frame, changes 
the angle of attack of the hydrofoil in proportion to 
changes in the angle of trim of the hull. Through the de- 
sign of the hydrofoil itself, and hy means of the adjust- 
ments provided, the aerodynamic lift can he made to corre- 
spond to prescribed values of 

lift at arbitrary trim angle (L^) 

rate of change of lift with trim angle (dL/dT) 

rate of change of lift with vertical velocity (dL/dw) 

A torsion spring, mounted in the axis of the model 
pivot, is provided with the necessary adjustments for mak- 
ing the resultant aerodynamic moment correspond to pre- 
scribed values of 

Mq moment at arbitrary trim angle (M^) 

Mq rate of change of moment with trim angle (dM/dr) 

The dashpot shown is provided with a num.ber of cali- 
brated pistons which, together with adjustment of the 
radius of action, provide for making the aerodynamic tail 
damping moment correspond to prescribed values' of 

rate of change of moment with angular velocity (dM/dq ) 

The following two aerodynamic derivatives are neg- 
lected in this arrangement of the apparatus: 

rate of change of lift with angular velocity (dL/doJ 

M^^ rate of change of moment with vertical velocity (dH/dw) 

A series of special tests described later, confirmed the 
assumption made in designing the apparatus that these two 



12 



derivatives vro^a^ly had negli^i^^le effects on the stahil- 
ity limits. 

Graphical records of porpoising are o^btained from a 
scMher, attached to the model and located at an arTaitrary 
height directly above the center of gravity when t _ 0, 
which moves over a smoked glass fixed with respect to the 
towing carriage. The records are reproduced photograph- 
ically. 

The drive gear of the Stevens Tank is arranged to 
provide a series of fixed, reproducible speeds. A de- 
scription of the tank will he found in reference 5. 



TEST PROCEDURE 



All tests were made at constant speeds and in sub- 
stantially still water. It is considered that tests at a 
steadv sTDeed are more likely to bring out porpoising tend- 
encies than accelerated tests, because they allow time for 
any instability to develop. In all cases in which propois- 
ing occurred, a steady-state cycle was developed after a 
very few initial transient cycles. It was found that the 
transient cycles depend UT5on the amplitudes of the_ initial 
disturbances which start porpoising, as compared with the 
steady-state amplitudes, a larger number of transient 
cycles occurring when the initial disturbances are rela- 
tively small and a smaller number when the initial dis- 
turbances are relatively large. 

The amplitude of the final steady-state cycle is^ 
lar^elv unaffected, however, by the magnitude of th.e ini- 
tial disturbances and is therefore a convenient measure 
of the inherent porpoising tendency under given condi- 
tions. The principal renuirement in testing is that the 
initial disturbances shall be sufficiently severe to in- 
sure development of the steady state within the limits ot 
the test run. To this end the model is accelerated rapidly 
in a distance eoual to about three or four times its own 
1 ength . 

The tests under eafih combination of hull form, aero- 
dynamic conditions, and loading followed the same basic 
program. In detail: 

(1) Tests were made at each of a number of fixed 
speeds, covering the range from a little below the 
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hump to get-away in approximately eoual steps. 

(2) At each speed, tests were made with varia- 
tions of the applied moment (corresponding to result 
ant aerodynamic moment), covering a range sufficient 
to produce trim angles embracing the upper and lower 
stability limits, as ordinarily defined. The moment 
setting (corresponding to elevator setting) was not 
altered during the course of any one test. 

(3) At each speed and applied moment, a test 
was made with each of three values of the tail damp- 
ing dM/da corresr>onding consecutively to one-half, 
one, and two times the normal value given in tahle I 
unless stability occurred with less than the maxim.um 
of these values^ In the latter event no further 
tests were made. When the maximum value failed to 
cause stability, an additional test was made with a 
large excess of tail damping to define the steady- 
motion attitude . 

(4) The tests with norm.al particulars were made 
first and were carried out very cor.Toletely. In the 
later tests with modified particulars, certain cases 
were omitted which the first tests had shown to "be 
relatively unimportant. 

(5) G-raphical records were made of the steady- 
state, full^/ developed, porpoising cycle for all 
tests in which propoising cccurrpd. 

(6) The stability limit is arbitrarily defined 
as the trim at which the total sweep in trim angle 
during porpoising (that is. the double amplitude) is 
2 . This definition is of greatest significance in 
connection with lower-limit porpoising, where the 
amplitude tends to blow up pr ogr e s <=: i v ely ; in the 
ca3e of upper-limit propoising, wh: ch tonds to start 
suddenly and may often consist principally of verti- 
cal motion, an arbitrary definition of the stability 
limit is largely unnecessary. 

The lim.its shown in the chart?= are for normal 
tail damping, and are lifted from auxiliary ■3hart-> 
of the sweep measured on the graphical records 
against the steady-motion trim angle, at constant 
speed . 



ACCURACY 



The ^^ccuracy of the re?^.din^s from thp various T?«.rts 
of the ^Dr^aratus and to/in^ gear has "been checked "by fre- 
quent calihration, -nd it is h^Iiev^d th^t th^ valu-^s 
used in prep'^^ring the ciirves =^re corr^^ct within the fol- 
low ng 1 i mi t s : 

Sp?=^ed, foot T)er second ±o'ni 

Re?ist^^nce, T)0T^nd . ..• • • • • • • •■• • • • 0.01 

TriTn,(3egree ic... 

Trimming moir -^nt , pound- i nch iO.l 

Li STDl'-^cemert , ■^•oimd ^0.05 

Another method for ainpraisinr the accuracy of the 
t=^st?. is to compare the r ^r^r o du c ih i 1 i t y of fully d-^^velo-Ded 
porpoising cycles. Wh^n the aDparatus. w-^s first T)nt into 
use, this m^^^ttr^-r was giv.--n consider^hle attention. It was 
found that records of norroising cycles ohtain---d at inter- 
vals of s^v^ral months, under presumably identical condi- 
tions, were as n'=*arly nlik^ as they coi^lci h^ m'='asured. 
In a more recent case, two models huilt to the same lines 
and tested 2 y^-^rs an^rt' gav« practically identical re- 
sults over the entire speed rnng^. Thijs it was not con- 
sidered worth while to c-irry on any systematic rrograir- of 
check tests during the TDr^sent investigation. 

The models were very c^.refully constructed and it is 
"believed that the average devif^tion from th^ lines was not 
more th-'.n ±0.01 inch. Special care w^^s t-^k^n to oroduce 
sharp edges ^-^ t the step and chines and to avoid any small 
local irregularities. The models were made of white Dine 
and covered with four coats of sp-r v-^rnish ruhhed down 
to very smooth finish with wet sandnaper "between coats. 
The average length of time required to construct a model 
was a'-- out ^8 man-hours with in ^ddition^l ? m^^n- hours for 
setup "or -^pr ra t 0 ry to testing. 



TEST RT]:STJLT5 



The graphical records of the t^-st results wer^ 
mounted directly on large charts, ore for each set of 
particulars. One of thes« large ch-^rts, for the refer- 
ence shi-D, h^^s "b^^^n sufficiently r^duc^^d ir siz/^ to per- 
mit including it i."' this r^r^ovt and is shnwn s fig''Tr'=^ 5- 
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This type of chart is considered an important presentation 
of the results "because it provide?; a complete comprehen- 
sive view of all the porpoising characteristics under a 
given set of particulars and not merely of the stability 
limits. 



Description of Large Chart - One for 

Each Series of Tests (fig. 5)* 

(1) The ordinates are trie* an^rles that are meas- 
ured from the "base line, which make? an angle of 2^ 
with the forehody keel; the abscissas, speeds. 
Speed scales are given for model and ship speeds and 
for the speed coefficient Cy . The Stevens Tank 

speed numbers for the various fixed spesds at which 
tests were made are given at the foot of the vertical 
lines drawn at these speeds. 

(o) The graphical records of porpoising are 
placed on the chart with the small cross, v;hich in- 
dicates the steady-L^iotion attitude, at the height of 
the observed trim and longitudinally to the right of 
the vertical speed line, on this line, or to the 
left of it, depending upon whether the tail damping 
was one-half, one, or two times the normal tail dam-o- 
ing, respectively. Values of the tail damping are 
indicated at the tops of the vertical speed lines. 

(3) A circle with alternate auadrants blacked 
indicates that a test was made but that the motion 
was s t abl e . 

(4) The records are placed on their sides, so 
that increasing heave corresponds to progression 
toward the left of the chart and increasing trim, 
progression toward the bottom. The short horizontal 
and vertical 1 i ne s , r e spe c t i vely above and to the 
right of a record, indicate ?;ero trim angle and zero 
heave from the static flotation corresponding to 
140,000 pounds in the ship. 

(5) Note?? are given defining the ranges of trim 
angles within which the forebody or afterbody was 
observed to be "wet" or "clear." 



*This description aT;plies particularly to the larg-^r size 
of these charts. In reducing, for fig. 5, certain details 
have been omitted. 
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(6) Th?= thr-e curv^^-s r'^'or^s^nt th^ f r --t c- 1 r im 
track* for th^ hull in stpady irot^'on, th^ uviv^T st*^- 
"bility limit, ^nd th^ low^r st^^'bility limit. 

(7) T^h--^ st^^>ility limit is q.r "b i t r -^r i 1 y d^fin^d 
-•=s th-^ trim n.t which the tot^Rl sw^^T) in trim j^npl^ 
during norroisin^ io 2^. Th^ limits shown ^rp for 
norm-^l t?^il d^m-oin.^ ^nd ^r^ ""ift^cl from ^^uxiliary 
charts of tri^^ sh'-'^-t^, ? w.^^-M^^d or. th° praT)hical 
records, T)lott'=^d a^pinst s t ari y- mo t i on trim anple -^t 
const J^nt sp^^d. 

In ord^r to r-^rmit r'^adv comT)arison of the t s t r-:^- 
suits, the stability limits h-^^ve "b^en taken off the l^r^e 
charts d^scrihed a"bov^:; --^nd presented in the form of sum- 
mary figures, each of which shows the stability lim.its 
for all the modifications of on^ varialDle. These summ''=<ry 
figures constitute th-^ Drinci^^l Dr es ent t i on in this re- 
port : 

DescriT)tion of Summary Fi^^-ur-s - On-^ f^r All Modifications 
of Each Varia"blp (fip:s. 6 t^ 30) 
T r i m ^ nf^l ^ ^e^^ ins t speed (at the t ^ ) 

Included are : ^ * 

Stability limits (frr 2' oscillation) - 
solid curves cr os '^-hat ch-d on 
uns t alDl ^ s id- 
Free- to- trim tracks - 

ceriter-lir^ curves 



Tak^-off trim tracks - 
d^r^hed curves 



Res i s ti^a^n c e ajP'q i ns t sip e ed (in th--^ middle) 
Fre --^-to-trim r^sist'^nces 



The trim track corr esiDondin?" to r^^-sultant ?i er odynami c 
m.oments ahcut the center of gravity eQu^l to z-^ro, as ob- 
tained by int ^r"Dolat ion . It is for th^ hull, alon^, and 
not for the com-^lpt^ ai r-o 1 n-^^ . 
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tW^^^^ ^^QJT^ent and res^istance against trim (at the 
"bottom) 

Cross plots at four fixed speeds indicated 



Discussion or RESULTS 



The effects of each variable or modification covered 
the tests are discussed below in some detail. It is 
intended t hat/ r e f e r e nc e he made, in follov/in^ the discus- 
sion, to the summary figures described in the preceding 
section. ^ 

It has been mentioned previously that the aim in lay- 
ing out the program of experiments was to change onlv one 
variaDle at a time, thereby isolating its effects. Natu- 
rally the program was not entirely successful in this re- 
spect; in certain cases, two or more of the variables 
listed were found to constitute essentially the same 
change from a hydrodynamic point of view. ' Where this is 
clearly the case, it is noted in the discussion. 



Croup I - Weight and Inertia Loadings (Chart 1) 

(l) Modification of gross weight (fie?;. 6) 

120,000 pounds 86 percent 

140,000 (normal) 100 

160,000 114 

200,000 143 

Porpoising . Increasing the gross weight moves the 



range 
angl e s 
tually 
starts 
and t h 
angl e s 
track 
ranges 



of stability in the direction of higher trim 
and leaves the width of the stable range vir- 
unaffected. The speeds at which porpoising 
are delayed by increasing the gross weight, 
e ^ f ree -t o-trim track is shifted to higher trim 

in the vicinity of the hump. The free-to-trim 
tends to cut across the middle of the stable 
for all gross weights. 



Resi stance . Not investigated (except for the normal 
case ) . 



Ig 

(2) F^odif icat ion of momant of inertia (fig. ) 

C.8I6 X 10^ 3liig-feet° 60 T)ercent 

1.366 (normal) 100 

1.716 

2.0U9 150 

Porrvoisinr. Incr^^asir^ the moment of inertia re- 
duces very slightly the ran^e nf ratability at low 
speeds. The wincivrl conseaufnce of increasing 
the moment of inertia is to increqr^^ the -orT)oising 
am-nlit"ades und ^r 0 1 h rv/ i s identical conditions. 
The T> orT) o i s i n,?' fr-^auency is r-diic^'^ also, ar)r)roxi- 
mately in prot>ortion to the increas'^ in th^ reci-o- 
roc^l of the square root of th-^ radius of gyration. 

Res is t qnc e . This modification co\ild not affect the 
resistance. 

(3) Modification of 1 ong i t ud i n.*^ 1 position of center of 
gravity (fig. 

87 inches forward of step 53.7 percent heam forward of st 

70 (normal) U3.2 

50 30.8 

The center of gravity was shifted "by altering the 
location of the model r>ivots and r e"^ lias t inr . 
Since the hydrofoil lift is a-orJ-ied through th<= 
model pivots, this procedure is equivalent to ^^It^r- 
ing the cent=--^r of gravity and. th- wing position si- 
multaneously and does not introduce an additional 
moment due to lift. 

Por-ooising. Shifting th^ center of gravity -ither 

forward or aft has only a v^ry slight ^ff-^^ct the 
range of stability at moderate speeds . The ^rinci- 
■oal consequence of shifting the center ^f gravity is 
to shift "bodily the curves of Pi"DT)lied moment, the 
result being that a different moment is reniiired to 
■or educe the s-^mie trim angle in steady motion. A.s 
would he expected, th^ r^avired change in e-or)li'=^d 
moment is equal to the net w^if^ht on the wat^^-r times 
the shift nf th^. center of p-ravity and the '«^irp. 



Re s i s t anc - > Not i nve s t igat --^d f ht- the free-to-trim 
condition (^^xce-ot for th^ normal cas'^). 
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Group II - Aerodynamic Conditions (Ch-^rt.P) 

) Modification of wing lift 1^ at T = 5 " ( f i . o) 

^.63 pounds 67 p-rcent 

6-95 -^s^ (norm l) 100 

9.27 133 

Chnging the wirg lift was ac c o!i;p 1 i s hed chnnf-in^^ 
the angle hetwe?n th- normal hydrofoil end th- hull 
tase line which simulates ch.-.nf'- in th- incid-nc- 
of the win^:. This left dL/dT and dl./ciw unchanr-d 

£2£ rcising. Incr-acing the viv.g lift m^V.-z th- st=>- 
tle ran^:-e appreciably wid-r, chiefly "by low^rinp th- 
lower licit at modsrate sreeds. The lar^=--st l^ft 
te.sted T,r-v = ntrd up-, s r- 1 i d i t DorTDoising at hi-?h 
spe-ds. Increasin;? th? lift Icw-rs the f r - t 0- 1 r i ir. 
track ^t moderfite speeds just a^bove the hump, so 
that its relation to the lower limit of stability is 
virtually unaf feet ■'d. 

Res i stance . Not i nves t i#rat =d . 

Kodif ic^-t i on of winr- lift rate (fi^*. 10) 

O.3UU pounds n"r decree 7R ■n.^-rcent 

O-^"?^ (normnl) 100 

0.6S7 150 

Changing the wing lift rate was accomtDli shed b- al- 
tering the hydrofoil size. This produced a corre- 
sponding change in the v^lue of dL./dw. The lift at 
T = 5° was unchanged from th^ normal lift in all 
cases. (In later tests, described below, dL/dw 
was changed independently.) 

PoriDoising. Increasing the v/ing lift rate has prac- 
tically no effect on the stability limits at moder- 
ate speeds and decreases the range nf stability m-ty 
slightly at high speeds. The f re-^-to-tr^: m tr-ck is' 
unaffected at mod-rate speeds .iust over the humr. 



Resistance. Not investigated. 
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(3) Modification of vertical velocity d^mpinf Z^^ (f'ip. H) 

O.U^g pound-seconds par foot (norr.al) 100 percent 
0.916 Vg ?00 

By means of a specinlly constructed dashDot which was 
attached to aff^^ct only the ha^^^"in^ notion, the rate 
of chan/9:e of lift with vertical ^r^locity w-^s doubled. 
This chanpe in th^ apT)?^ratus is shown in the second 
sketch in figure 31- t^sts were limited to thrpe 

speeds and to nornial tail d^-mvir-^. 

PorT)o 1 s in^ . Study of the vr^rvoi^inf cycl-s on th^ 
^ra.-nhical records f ' ils to reveal any arir^ r e c i ab 1 e 
differ'^nces when dL/dw is d'^u"bl'=^d. 

"ReGistnnce . Thi? -r- d i f i c a t i 0 n could not aff-^ct the 
resist anc e . 

go t e , The resultant aerodynamic morrent ¥^ is alt-^red in 
the course of each series of tests and is not Torop'^rly 
considered an independent var i'a'bl'=' , 

(h) Modifica.tion of tail moment rate Mp (fi^. 12) 

0.98 V3 pound-feet per dej^^ree 71 "oerc^nt 

1.37 V3 (normal) 100 

2.05 vj 150 

]E^rpo i s in^ . I n c r ^ h s i n g the tail moment rate h a. s • n 0 
noticeahle effect on either stability limit or on the 
range of sta.bility. The largest mom.ent rate used "ap- 
preciably reduced the size of the steady-state cycles 
in lower-limit porpoising at high spe-i^ds, and there 
was also a tendency to suppress up-^ er- 1 i n- i t porpoising 
at very high speeds. 

H e s i s t q n c e . This modific'-->tion could not effect the 
r e s i 3 t a, n c e . 

(5) Modification of tail d-^-mping rate Mq (fir. I3) 

0 X lO"^ Vg "oound-f 00 t-s ^conds "oer ra.di'^n 0 p--rcent 
2.02 25 
U.05 50 
g.lO (normal) 100 

16.2 vs 200 
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Porpoising . Increasing the damping due to the hori- 
zontal tail surfaces lowers the lower limit at all 
speeds, the amount increasing with speed from nearly 
zero at the speed at which lower-limit porpoising 
starts to a very large amount at high speeds; at a 
given high speed, the effect on the lower limit pro- 
gressively decreases as the tail damping is increased. 
Increasing the tail damping has no appreciable effect 
on the position of the upper limit hut -has a tendency 
to delay the speed at which this type of porpoising 
starts. The largest damping used (twice normalj pre- 
vented upper-limit porpoising in the region of get- 
away speeds. 

It is worth noting that, at 19 feet per second, mod- 
el speed (ahout 70 mph ship speed), upper-limit por- 
poising freouently could not be suppressed with 20 
times the normal tail damping and occasionally 80 
times was not sufficient. In a few instances, lower- 
limit porpoising was not entirely suppressed with 20 
times the normal damping. 

Resistance . This modification could not affect the 
resi stance . 

Inclusion of phase angle between q x Mq , and q (fig. 14) 

0^ lagging (normal) 
15^ 
25^ 

It had been suggested that, in the full-size airplane, 
there might be a time lag between the pitching ve- 
locity and the pitch damping moment produced by the 
tail. Special tests were therefore run to investi- 
gate this matter. The phase angle was introduced by 
putting a small calibrated spring between the dashpot 
piston and its piston rod. Tests were run at approx- 
imately the three lagging phase angles shown above, 
at each of three speeds, and with various values of 
the tail damping rate* 

Porpoising . The test results showed that the great- 
est of the lagging phase angles considered was the 
only one which had any noticeable effect whatever 
and that its only effect was to raise the lower limit 
very slightly at the lowest speed investigated. 



Res is tanc e . 
resist a. nee. 



This modification could not n.ff^ct the 



Incliision n '=^r odynn ir i c moments and forces at^ri'but-* 
^."ble to and Zq (fi^. 1^) 

A single dashDot attached to the carria^^, the loir^ton 
of vhich was attached to the stern of th^ m.ndel at 
the tail length of the airplane, replaced the usu'^1 
dashrot and supxlied the three derivatives Mq , My, 
and Zq. This chan^pre in the -apparatus is shown dia- 
grammatical ly in the third sketch in fir'^re 3I. The 
piston itself was necessarily very small with rela- 
tively lar^e clearance. Tests were limited to three 
speeds. 

Porpoising. At the lowest sp-^ed, thp. inclusion of 

and Zq had practically no effect on either the 
lower limit or the upper limit; at the middle speed, 
the lower limit was lowered very slightly and the 
upper limit raised very slightly. At the top sDe^d, 
the lower limit was very slightly raised ^nd, s f^r 
as could he detected, the upper limit was unaffect-d. 

The setup of the apparatus was complicated and the 
testing, difficult. Therefore, since the effects 
found wer-i so small as to he negligilDle, no attempt 
has heen made to consider these two aerodyn;^mic de- 
rivatives in any further work. 

Resistance. These modifications could not affect 
the resist ance . 

Group ITIA - Afterhody Form (Chart ^) 

Drawings of modifications are shown n firure 

The m.anher in which the v-^rious ^ od i f i ca.t i o ns were 
carri<^d otj t should he PSD^^cially not ^dc. 

H^noval of afterhody (fig. I6) 



With afterbody 
Forehody alon'^^ 



( n 0 r m 1 ) 
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In order to make as drastic a change as T^osj^iole, t..^ 
afterbody was removed. For these tests/ the model of 
the foretody alone was set up with an outrigger which 
permitted hallasting to keep the center of gravity in 
the same location with respect to the forehody and to 
keep the moment of inertia alDOut the center of gravity 
the same as for the complete hullo This outrigger 
was placed high enough so that, in gpneral, it was 
clear of the water* 

Po rpois ing, The tests of the forehody alone show 
very clearly that the lower limit is at t rihut a'bl e to 
the forebody and that an upper limit does not exist 
when the afterbody is removed. At moderate speeds 
(just beyond the hump), the afterbody keeps the trim 
angle down and prevents lower-limit porpoising; at 
all higher speeds, the lower-limit porpoi sing'i s unin- 
fluenced by the presence or absence of th^^ afterbody, 

Hesi stance . Removing the afterbody decreases the 
resistance at high speeds in the region whore an 
afterbody would ordinarily be wetted by spray coming 
off the forebody. In the region of the hump, remov- 
ing the afterbody allows the trim to increase and 
large increases of resistance result. Also, the 
water load otherwise carried by the afterbody must 
be carried by the forebody^ The forebody therefore 
rides deeper in the water, causing an additional in- 
crease in resistance. 

Remarks . These experiments suggested the concept 
that the forebody and the afterbody are essentially 
separate parts of the hull, serving different pur- 
poses, and that to a considerable extent modifica- 
tions of each may be studied independently of modi- 
fications of the other. 

A comparison between the characteristics of the com- 
plete hull and those of the forebody alone reveals, 
in part icular , 

(a) That the afterbody is useful only in the 
lower half of the speed range to take off 
and that its presence at higher speeds is 
entirely detrimental 



that, at rest and at "displacement" speeds, 
it provides flotation 



that, at moderate speeds up to the hump, it 
controls trim and resistance and prevents 
lower-limit porpoising 

that, at plarinK speeds, it is the direct 
cause of upper-limit porpoising and some- 
what increases resistance 

(h) That the forehody is entirely self-suffi- 
cient at planing" speeds and needs no help 
from 'the afterbody 

These indications suggest clearly that the fore"body 
is the main hull and that the afterbody is an append- 
age., the function of which is to control trim ("by 
providing nosing-down moments) until true planing of 
the main hull is established. 

Modification of afterbody angle (fig. 1?) 

2^ between forebody and afterbody keels 

40 

50 ^ 

(normal ) 

The after'body angle was increased by rotating the 
afterbody at the model deck and shifting it verti- 
cally so' that the step height was unchanged; it was 
reduced "by rotating the afterbody at its keel, leav- 
ing the step height unchanged. 

Porpois ing. Increasing the afterbody angle raises 
the lower limit at moderate speeds and causes it to 
start at a slightly lower speed but has no appreci- 
able effect on the lower limit at high speeds; the 
up-Dsr limit is raised and, with the two greatest 
afterbody angles, the upper limit is suppressed at 
high speeds. Reducing the afterbody angle lowers 
the lower limit at moderate speeds and shifts its 
starting point to progressively higher speeds but 
again has no effect on the lower limit at very high 
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speeds. The upper limit is lovrered at all speeds 
and its starting point shifted to progressively 
higher speeds. With afterbody angles less than nor- 
mal, the high-speed upper-limit porpoising "becomes 
increasingly violent as the angle is reduced. 

Resistan ce. The afterbody angle for optimum hump re- 
sistance appear?: to he about 3^^ for this hull; with 
angles greater or less than this the hump resistances 
are considerably increased. This is consistent with 
the findings of reference 6 in a general way. At 
very high speeds, the optimum trim and re^iistance are 
not particularly affected by afterbody angle. 

(3) Modification of afterbody length (fig. 18) 

2,25 times beam at main step 

2.75 (normal) 

So 25 

The afterbody length was altered by applying a con- 
stant multiplier to the station spacing and moving 
the stations in or out along the afterbody keel. 
Thus the afterbody angle and the step height were 
unchanged . 

Porpoi sin g . Decreasing the afterbody length raises 

the upper limit slightly and has only a very small 
effect on the lower limit at moderate speeds just 
past the hum.p ; the speed range over which the free- 
to-trim track passes below the lower limit is 
lengthened slightly. The shortest afterbody tested 
stopped high-speed upper-limit porpoising in the 
present instance. The effects are generally similar 
to those resulting from modifying" the afterbody 
angle. 

Re si stance « Only the free-to-trim resistance was in- 
vestigated in this case. Increasing the afterbody 
length lowers the hump resistance somewhat. The 
shortest afterbody used had a very hi,f^h resistance 
peak Just before the true hump, though this presum.- 
ably might have been eliminated by relocating the 
tail cone. 
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(4) Modification of after'body chine flare (fig.. 1^) 

Chine flare removed 

Normal 

Extended 

The normal after"body chine flare ends ahruptly, form- 
ing a partial step a little forward of the stern 
post* Two modifications were tried (l) extending 
the chine flare aft so that it washed out at the 
stern post (2) removing all the chine flare. 

Porpoising , Extending the afterbody chine flare 
lowers the lower limit very slightly at moderate 
speeds and leaves the upper limit practically unaf- 
fected. Removing the afterhody chine flare raises 
the lower limit slightly at speeds just iDeyond the 
hump and raises the upper limit slightly, and pre- 
vented high-speed upper-limit porpoising in the 
present tests. 

Resistance . Removing the afterbody chine flare 
causes a high -Dg^ak in the resistance before the true 
hump and slightly increases the true hump. Tne very 
high peak appeared to result from water clinging to 
the afterbody sides and running up the tail cone. 
Removing the afterbody chine flare had almost no ef- 
fect at h-igh speeds. Resistance tests were not run 
with the afterbody chine flare extended. 

(5) Modification of height of main step - first series 
(fig. 20) 

1 TDercent of beam 
3 * 

5 (normal ) 

7 

The step height was altered in this series by shift- 
ing the entire afterbody vertically with respect to 
the forebody. 

Porpoising. Increasing the step height in this way 
raises the lower limit at moderate speeds Just past 
the humx) but has no appreciable effect at higher 
speeds.^ The uT)per limit is raised at all speeds and 
upper-limit porpoising at very high speeds is sup- 



pressed. When the step height is decreased, the vio- 
lence of the high-speed upper-limit porpoising is 
progressively increased until, with the lowest height 
tried, this type of porpoising is exceptionally vio- 
lent in the region of get-away. 

Re s i s t anc e . Only f r ee- 1 o-t rim resistance was in-^^es- 
tigated. Increasing the step height slightly in- 
creases the hump resistance and reduces the high- 
speed resistance, These indications are consistent 
with those found in reference 7, 

Modification of height of main step - second series 
(fig, 21) 



1 percent of "beam 

5 (normal ) 

9 
13 



The step height was altered in this series "by rotat- 
ing the afterbody about the intersection of the 
afterbody keel and the stern post in the normal hull. 
Thus the position of the stern post was unaltered. 
The tests were carried to a greater maximum step 
height than in the first series. 

Porpoising . Increasing the step height in this way. 
has practically no ef:^ect on the lower-limit at any 
speed or on the position of the upper limit. The 
step heights greater than normal again suppressed the 
high-speed upper-limit porpoising and the i percent 
step height gave exceptionally violent high-speed 
upper-limi t porpoising. 

The position of the free-to-trim track just past the 
hump is not affected when the step height is altered 
in this way. 

Resistance . Increasing the step height havS practi- 
cally no effect on the true hump but decreases the 
peak before the true hump. At very high speeds the 
resistance appears to be slightly decreased by in- 
creasing the step height to greater than normal. 



^modifications of afterbody dead rise at stern post - 
no chine flare (fig. 22) 



-10° dead rise at afterlDody stern post 
0° 

2qo Vnornal; 

The after>)ody was ^^^r-rped hy leaving the dead^rise at 
the main steo unchanged and altering the dead rise 
at the stern post; the l^uttocks were kept straight 
lines. -he step height and the angle of the after- 
body keel were unaltered. No afterhody chine flare 
was used. 

Porpoising. Decreasing the afterhody stern-post 
dead rise has practically no effect on the lower 
limit at any speed hut lowers the upper-limit at all 
speeds. Poc^^iibly "because of the ahsence of after- 
body chine flare, the high-speed upper-limit porpois- 
ing was suppressed in all cases. ^"ne stern-post dead 
rise which causes the greatest sui:i:r e s i on of the 
high-speed u^per-limit porpoising was iound to he 
ahout 100. i'ron the standpoirt of uppr.r-limit por- 
poising, stern-post dead-rise angles "between lO 
and 20^ appear to give the hest all-round results. 

Resistance. Decreasing the afterbody dead rise at 
the stern post causes an appreciable decrease of the 
dieconlinui ty that appears before the hump. The 
true huLop resistance is also lowered but to a much 
lesser ertent. At very high spe<^.ds, the resistance 
is not aJ bered materially, but 10^ dead rise appears 
to be about the best angle. 

Ventilation of main step for step height of 1 percent 
rough preliminary trial (fig* 23) 

No vent ilation"\ g^^^ height 1 percrnt beam 
Ventilation J 

Ventilation of the main step was accomplished by 
shifting the afterbody (set for 1 percent step 
height) aftward along its keel by 5 percent of the 
beam and leaving open the gap thus caused. The 
afterbody angle remained unchanged from the normal. 
The tests are looked upon as very preliminary in 
nature . 
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Porpoi sing > Ventilating the main step in this way 
raises the upper limit slightly and entirely sup- 
presfjes high-sT)eed upper-limit td orn o i s ing . The 
lower limit was not investigated. 

The effect of this ventilation, even though impos- 
sible to construct from a practical viewpoint, is 
remarkable in that it suppressed entirely the very 
violent high-speed upper-limit porpoising (the most 
violent yet encountered) which occurred with an un- 
ventilated 1 percent step. 

He si st a nce . Not investigated. 



Group IIIF - Forebody Form (Chart ?) 

Drawings of modifications are shown in figure 33. The 
manner in which the various modifications were car- 
ried out should "be especially noted, 

(1) Modification of forebody form - first series of warp- 
ing (fig. 24) 

Constant section (miniirram warping) 
Normal foretody 

Linear dead-rise variation (maximum v/arping, 
dead rise changes 9.7^ per beam forward of 
s t ep ) 

The first forebO'5y in this group had the fsam.e length 
as the normal forsbody, but all the sections, of the 
normal forebcdy were compressed into the fcrivard 
half. The after half had the uniform section found 
at the main step in the normal hull. 

The third model was constructed with e linear varia- 
tion of dead rise from the forepoint to the m.ain 
step. The step section, the profile, the chine plan 
form, and the dead rise near the forepoint v/ere 'an- 
al tered. 

Both models were tested with the normal afterbody.. 
These models may be considered a 5^ belonging to a 
group in wnich warping of the forebody bottom near 
the step is the variable, the change of warping 
being small between the first and the normal models 
and large between the normal and the third models* 
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Porpoising. Increased warping of the forelDody "bot- 
tom^owers the lower limit very materially at all 
except the very lowest speeds and very slightly 
lowers the upper limit at all speeds. At hump 
speeds, increasing the warping of the forehody hot- 
torn has no great influence on the free-to-trim track 
"but lower? it materially at higher speeds. 

Re sistance . Increasing the forebody warping in- 
creases the hump rei=5istance appreciably, and also in- 
creases the resistance at high speeds when the after- 
body is clear. This is consistent with the findings 
of reference 8. 

(2) Modification of forebody warping - second series 
(fig. 25) 

Dead-rise changes 0^ per beam forward of step 

5.4^ 
3.1^ 
10.8^ 



The forebody warping in each case was linear from 
step to forepoint in exactly the sane manner as in 
the linear-dead-rise-variation model referred to 
above. This resulted in having very low dead rise 
in the forward half of the forebody in most cases. 
The series was built to explore the effect of fore- 
body warr)ing more systematically than in the first 
series. 

Por poising . Increasing the warping of the forebody 
bottom very apprecia*bly lowers the lower limit at 
high speeds but only slightly at speeds Just beyond 
the humiD. The ux^vev limit is also lowered, but to a 
very much less extent. Increasing the warping of the 
forebodv lowers the free-to-trim track at high speeds. 
These effects are similar to those found in the first 
series . 

It wa^ found that the two models with a dead-rise 
change 0^ 0^ per beam and 2.7^ per beam had noticea- 
ble tendencies toward diving at very high speeds and 
low trim angles. This is undoubtedly due to the bow 
sections having insufficient dead rise and is of li.- 
tle interest here. 



31 



Re5,istance> Increasing the forelDOdy warping in- 
creases the resistance, at both the hump and planing 
speeds. 

(3) Kodification of forehody length (fig. 26) 

2,8 2 times "beam at main step 

-•"^^ (normal) 
4.07 

The models in this group all used the same forebody 
sections; the alteration consisted of applying a con- 
stant multiplier to the station spacing! The sta- 
tions were shifted in or out parallel to a line tan- 
gent^to^the normal forehody keel at the step. The 
multipliers for station spacing were the same as for 
the modifications of afterbody length (^^roup IIIA 
chart 3). o ±^ , 

In the planing range, the alterations in this group 
may he considered as constituting small changes in^ 
the warping of the forebody. 

Porpoisin g, Decreasing the forebody length slightly 
lowers both the lower and upper limits. With the 
shortest forebody, the hull swamped at sioeeds below 
the hump; no difficulty was found at high speeds, 
however, when steps were taken to support the model 
while it passed over the hump. 

Resistance ^ Decreasing the forebody length increases 
the hump resistance appreciably and the resistance at 
planing speeds slightly. 

If the alterations are considered as changes of fore- 
hody warping near the step, then the trends in re- 
sistance and porpoising are the same a^ for the two 
preceding series. 



G-roup IIIH - Hull Form ( A^^ a V;hol e )( Chart 3) 

rawings of modifications are shown in figure 33. The 
manner in which the various modifications were car- 
ried out should be especially noted. 



(l) Modification of hull length (fig. 27) 



^.Of tiin^.s "b^am nair st 

6 . 19 

7.32 



(nr^rmal) 



Thr-- hull length was altered "by joininp' the alter^d- 
len^th foret)O^Ues (grou-n III?) to the similarly al- 
tered afterhodies {grouv III^). The st^D height ^nd 
the afterbody angle remain'='d unaltr^red. 

Porpo i s 1 ng . Increasirg the htill length lowers the 
lov/er liir.it --ery slightly ^.t low speeds and raises it 
slightly at higher speeds; the UDPer limit is lowered 
very slightly. Tue f r ee-t o-tr im track in the region 
just past the huiriD , wh^re it is important, is virtu- 
ally un-'^ltered. 

Res i s t anc e . Increasing the hull length vc^ry ap-pre- 
ciahly reduces the hump resi^tanc^. At planing 
spe^-ds, the resistj^.nce is Y^vy slightly reduced. 
These effects --'re consistent with those mention'^d in 
reference 8. 

Modification of hull d^ad rise (fig. ?B) 

0^5 times normal dead rise at each statioa(lO^ at step) 



The hull dead rise w pi s altered mult iT^lyin-f^ the 
de?^d rise at each station \)^^ the s?^me c^^nstant. "^he 
ke^l profile was unalter-^d, hut the chines w^re 
changed as necess?^ry. Th^ chine flar-^-s w=re i n- 
creas'=^cl in proportion to the d«'=«d rise. 

Pnrpoising. Increasing the hnll d'-^^d ris- raises 
Fhe low er limit quite m.?^t^ri^lly and lowers the u-nper 
limit somewh-'^t. Th^ spp'^ds at which "both the u-nper 
and the lov'^r limits start are progressively increased 
with increasing hull de^^d rise. 

In the vicinity of lU f-^^^t n-r second, model svp.^d. 
(ahout 55 mph for t h ship), the uprer and lower 
limits almost come together wh-n the hull d^^d rise 
is 10^. Thi-;s it would "be nearly impossible for such 
'i hvll to t^ke off without p^-ssinr through a region 
of- instability. .Vhpn the de-d rise is 30^, ther--^ is 
only a small gap between the upper and loW'^r li^iits 
at s^^e.&s ne^'^r get-away. 



1,0 



1-5 
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Reg i stance , Increas-in^ th^ h^^i i ^^^^ 

— — . — X. b.. li^ Lne null de^^.d. rise incre^^s^q 

the resistance appreciably .11 planinr s^^^^d . 
The true hymp r.sist^nc- is not ^r^.tly affpct^d\^t 



13 least wxth POO hull d^ad rise. Jith both lo' and 
300 dead ,^ afterbody chine flare =^pT,..red^r- 

sufiicient to pr^v--nt f n r ^ h o -k i F'J-'^rea . n- 

wp+tir,-. o+ 1 considerable sid=> and tail-c^ne 

•vettinr at low speeds and. thus, a lar^a resistance 
peak before the true hu..p . Thes= findings .J in 
gen-ral a^-reement with thog= in rsferance 6. 

§£r|^. No m^asurejr^r-nt. wero cade of ..olume or h-i^^ht 
of the spray, tut increa.in^ the hull dead rise ap! 

the hull .uch cleaned iunnin^. '-^'^ "^'^^ 

(■3) Modification of lon^itvdiral stev p.sit^on (fl.. .o ) 

5^1 ir,ches aftof for'po.int (shifted 10.^ r,ercent team forward) 
55 S (fnormal) 

(shifted 1?. ^ percent beam -aft ) 

ty extending .r chov^inr off the original for.bodv .nd 
altering the afterbody length in the ot,. .s i t ^ ' s 'n. 
The ste>, height, the an^le between the af t erb 'd ^1 
and base line, and the longitudinal location nf'th-^' 
stern v^st were k-T5t unalter-d. 

The net result is that of combining several of the 
modifications alre-dy considered. .'h^n th-^- . t ep i- 
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^oved forward, the forebody is shortened and its 
warping very slightly increased, the aft^x-todv I 
lengthened, and the afterbody .ngle is in eff■:^ct 
slightly reduced; also, th^ center of .^ravity L 
farther aft r-lative to the step. 

This modification w.s included ,Tainly becau.-^ shin- 

Jn%;irsiL: --^^^ -an.e t: 

r^i^^ v'rTsL:Mirit llr'^^T' ^^'^r- 

expected fro. tL s ifgL^fylncrl.:! ^ J;.-:/:?^^:^ 
forebody bottnin. Th- u■nT^-.r 11 i + . 

„Ti , "pp- r limit IS sligntly low=--red 

at all speeds, again as mi-ht be expect4 fr^r^ th^ 
decreased equivalent afterbody angle. 



Moving the ..ain step forward ha. ^'^'l^^^l^' 
same effect on the .T^oment curve, as f ^ J * ^ ^ 

center of gravity aft by the sanie amount The shitt 
of the moment curves is enual to the weight on the 
water times the distance the step is r^oved. 

Resistance , Not investigated, 

(4) Modification of plan form of main step (fig. 3°) 

45° swallow tail 
Transverse (normal) 
45° V 

T-he TDlan form of the main step was altered without 
tlnllnl h. keel lines of either the fo-^^f;^ 
the aftPrhod-;. '^he ar. )^).nt of planing area ^nifted 
l^t of the normal transverse step was balanced hy 
r'emovlng an eoual area for.ard .ran"-" 
verse step, ThiE 1 ef t ^ unalt ered the "mean trans 
verse step and step height. 

Porpoising. In going from a swallow-t.il step to a 
vr.W,~The r.osition of the upper limit is raised 
Ipprec'ahlv and ths intensi^-y of the upper-ximit 
appie--c.u ,v -moderate speeds the v-step 

porpoising, increased. ... loaeraLe -u v-^is^s 
lowers the lower limit, ana fcne swalxow ^^^^/J^^-" 
it. The situation is rever.?d at hign speeds hut 
the effects are not so marked. 

Ro.istance. The plan form of the main step does net. 

ir^777;7Tr,precieble influence cn the true ^^^P^^' 
sitanol (reference 9). '^-^'^ T^' tl^ ^ZT^H; ^ 
creases the hei^h. of the peak in the ^^^J^*^^"^^ ^_ 
curve -before the true hump. At nxgn 

step ar^pear^. to have highest resistance and the swai 
?ow tali the lowe.t resistance in the region m 
which the afterbody is wettad» 



C0KK3HTS OH TKE TESTS 



In a broad sense, lower- i.i. ;j\\%^t^?e?e -ce 

limit porpoising are ^i^tinguxsned. beyond the di 

in the general region of trim -^f ro^poi^Jng moUons. 
ty the differing character of the porpoi.in^ 
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Wv ^lon largely a, phenon^enon of the fore 

the foi.ho; ^^\^^^PP«r-li">it porpoising depends upon l)oth 
o?her 1° L ^h^anerbody and their relation to each 
lla I: 1 l^^'f^-lirnit porpoising, the motion is smooth 
wJter - general, clear of the 

r^l!^:. porpoising, the motion is very ir- 

- successive cycles in a'giv^n 



0? tL w .^ and afterTDody alternately carrying the bulk 
of the water load; the motion tends to have lar^e amT^li- 
tudes xn heave and relatively small amplxtuderfn p??ch. 

th. ^° '-'-^ fi^'^^- 5, which sho-s 

^Lnf f^- °^ porpoising for the normal air- 

lim?t'r,or.i4' apparent at once that the amx)litude of lower- 
limat porpoising is relatively insensitive to changes to 

tJat tt^ll ^^^^^^ — hump%u 

tnat It becomes increasingly sensitive to both as the 

T?n\,r°'''^^-^' l"^^ extremely sensitive at high speeds, 
lower li'mi; ^ P-^^^i^al point o? vie. 

1 ow.v^f?^'^:^""'"* P°^P0i8ing starts at higher speeds than 
tlZ llT develops very suddenly a. the 

turn angle exceeds that at which the afterbodv takes an 

IL ZZI % required to bring this about. 

r f ^ ^ upper-limit curves with increase of speed 
o?^hr' 'V/^r'^ ''^ progressive changes in the shape 
of the roach left oy the forebody. As opposed to lover- 
limit porpoising, the amplitude of upperllimit porpoising 
is ordinarily quite insensitive to changes of damping 
rate andoo the speed; the motion is 63 s enti ally ^ i ol ent 

often be slightly reduced at its ends by increased tail 
aanpmg, at speeds in the middle of the ran.-e. however 
increasing the damping rate to 80 times normal auite fre- 
quently has little effect. 

+ 1. '6'; special tests were made under the normal par- 

ticulars to_ explore the range in trim an^le of upper- 
iimit porpoising. The indication that UT^per-limit por- 
?hp'^?f was encountered when, with increasing trim an^-le, 
the ?oJ:rio^"°:;'fv,^""^ '^'^^^ appreciable fraction of 
t^at tMs t° . ■'^^'^ remained steady sug.-ested 

that this type of porpoising might be eliminated and "sta- 
bility reestablished if the bulk of the load were trans- 
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ferred to the aftertody. This was found to iDe the case. 
Very large stalling moments - far iDeyond any magnitudes 
possible in practice - w.^fe required, as had been antic- 
ipated, and the return t'o stable motion usually occurred 
only when the forebody came clear - the entire load then 
being suiDported by the afterbody^ What had not been an- 
ticipated is the fact that the trim angle under these^ con- 
ditions can be less than that of the ordinary upper-limit 
curve o 



COITCLUSIOHS 



Group I - Weight and Inertia Loadings 



1. Increasing the gross lo^-Bd raises the trim^angles 
at which both the upper and lower limits of stability oc- 
cur and delays their starting to higher speeds. 

2. Neither moment of inertia in pitch nor the center 
o-p-gravity position has any appreciable influence on the 
limits of stability, though the latter has a pronounced 
effect on the moments and thus on the available trim range 



Group II - Aerodynamic Conditions 

1. The actual lift at arbitrary trim Zq and the 
rate of change of lift with trim Sg are the only aero- 
dynamic variables which influence the position of both 
limits. It will be noted that these two variables, in 
contradistinction to any other aerodynamic variables, af- 
fect the net load on the water in steady motion. 

2. The aerodynamic pitch dam.ping rate has a 
large effect on the lower limit of stability at high 
speeds, but its effect decreases as the damping is in- 
creased and is much less at damping rates near normal 
than at lower damping rates. The damping rate^has prac- 
tically no effect on the upper limit of stability. 

3. None of the other aerodynamic derivatives has 
appreciable effects on either stability limit. 
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Crroup IIIA - AfterlDOdy Form 

1. Modifications which raise the stern post have 
the follov/ing general effects: 

(a) To raise the upper liiait and, if carried 
far enough, to suppress upper-limit porpoising at 
high speeds 

(b) To raise the lower limit in the vicinity 
of the hump 

(c) To raise the free-to-trim tra.ck in the 
vicinity of the hump and the hump resistance 

They do not affect the lover limit at high speeds, 

2* High-speed upper-limit porpoising v;as suppressed 
in the present test^; "by increasing the step height, "by 
ventilating the step, or by removing the afterbody chine 
flare. This point needs further investigation, 

G-roup III!F - Forebody Form 

1. Modifications which increase the warping of the 
forebody bottom lower the lower limit of stability very 
appreciably and the upper limit very slightly. 

Group II IH - Hull Form (As a Whole) 

1. Increasing the hull dead rise raises the lower 
limit appreciably and lowers the upper limit moderately, 

2:» The step position has very little influence on 
the stability limits, its chief effect being to shift the 
moment curves, as in the case of a cent er-of-gravi ty shift. 

3, Changes of hull length have the combined effects 
of inde2:>endent changes of forebody and afterbody length, 

4. A swallow-tail step has less intense high-speed 
upper-limit porpoising than a norm.al transverse step, but 
the usual step has on the v/hole better stability charac- 
teristics than either the V- or swallow-tail steps. 

Experimental Towing Tank, 

Stevens Institute of Technology, 
Hobo ken, N. J. 
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TABL3 I 

DiriEiTSIOirS Aim PARTICUL/J^S (iTORMAL) FOS FJLL-SIZE 
PLYIUO BOAT XPB2M~1 AiiD -^-SCALE MODEL 

Dimensions Full size l/30-scale model 

^Beam at main step, in 1^2 5*U0 

Angle between forebody keel and 

"base line, deg 2.0 2,0 

Angle between afterbody keel and 

base line, de^ 5.O 5,0 

Height of main step at keel, in g,l 0»27 

Center of gravity forward of main 

step (26.5s percent M.A.C.), in .... 70 2.33 

Center of gravity above base line, in . . 146.7 4-39 

G-ross v/eight, A, lb l^j-0, 000 5.19 f,v7. 

Load coefficient, C^ (sea water) .... 0.g9 

Moment of inertia in pitch, sl^og-ft^ . I.36S X 10^ 

Ib-in^ . . 6.32g X 10^ 260 

Wing span, ft 200 6.67 

Wing area, S, r.ci ft 3SS3 U.092 

Mean aerodynamic chord, M.A.C., in ... . 2^9 S.30 

Aspect ratio (geometric) 10. SJ 10. S7 

Horizontal tail area, sq ft 5O0 O.565 

Elevator area, so ft 143-7 O.loO 

Distance e.g. to 35 percent M.A.C. 

horizontal tail (tail length), ft . . . 63.6 2.12 

Thrast line above base line at 

main step, in 23O.3 7,6s 

Thmist line inclined upward to 

base line, deg 5,5 5.5 

Ratios ^^l^-^^^^^ 
Model 

Of velocities, X 5-477 

• Of linear dimensions, A 3.O X 10 

Of areas, 9.0 x 10^ 

Of volumes, 27. 0 x 10^ 

Of moments, A^ gl.O X 10* 

Of moments of inertia, A^ 243-0 x 10^ 

^See footnote on td.40. 



1^0 

TABLE I 

DliffiilSIOVIS Al'lD PARTICULARS (l^ORMAi) FOR FULL-SIZE JLY1¥.Q 
BOAT }3^B2M-1 AxiD i-SCALE MODEL (Continued) 

. .4.- TTnll q-i ze 1 /"^O- scale model 

Aerodynamic characteristics ±AL^11^ "-I 

L at T = 5° '-95 v^(,) 7.72 X 10-= V 

dC^/dT °.io^5 0.10U5 

dL/dT (dZ/de), iWdeg 0.^^53 V ^-509 X 10"' 

di/dw (dZ/d..). ll-sec/ft (^g A . . . . O.U58 V3 0.509 X 10-^^ 

dC^ /dajL =dC., /dt (av.) /..... 0.0150 0.0150 

dM /dT (dM/de). 11^ ft/deg (av.) ... 1-365 v| 5-05X10 . 

^dlVdq. 1^ ft sec/radian 8020 X 9-90 X lO'^^ ^ 

dM/dw, lb sec (av.) 73-3 X v^ 2.90X10-=. 



^ . ft/radian 102.5 3-^^ 



1.61 



/Tail length, l/radian I.6I 

dl-i/dw 

Get-away speed, fps 130 23.?^ 

n i.rqo 1.S90 

Get-away Cj^ x.c^u 

Get-away T, deg 2.S S.S 

^All trim angles measured relative to the "base line. 
^Contribution of horizontal tail surface only. 
^Subscript s is for full size. 
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Porpoising Characteristics 
Model No.339-1 
XPB2M-1 



As- 140,000 LBS. 
IPs -1.366x10* SLUG FT.^ 



C.G. 



7O.0INS.FWD.0FMA1N STEP 
146.7 INS. ABOVE B.L. 



Normal Ship 



Experimental Towing Tank 
Stevens Institute of Technology 
Hoboken,N. J. 
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pitch damping, lb. ft. sec./rad. 

0.247 0.124 0.062 , 0.283 0.141 0.071, .0.318 0.159 0.079 0.353 0.177 0.088 0.386 0. 1 94 0.097 0.424 0.212 0.106 



Steady Motion 



3.0 



Equilibrium 
Attitude 




0.471 0.235 0.118 



Mild Porpoising which 
caused take off \ 



Free 



to-trim-Track 



-■"■^^^f , - 



-Speed Coefficient, Cy 
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Model Speed, ft per sec. 
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Figure 5 . 
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XPB2M-I 
A<f 140,000 LBS 

CHANGES 
OF 

GROSS WEIGHT 
(POUNDS) 

120,000 (867o OF NORMAL) 
140,000 (100% OF NORMAL) 
160,000 (II 47o OF NORMAL) 
200,000 (143 7o OF NORMAL) 



Fig- 6 
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Trim Angle, deg. 



CO 




Experimental Towing Tank 
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XPB2M-I 
Ao= 140,000 LBS. 



CHANGES 
OF 

LJONGITUDINAL POSITION 
OF 
CG. 

(INS. FWD. OF MAIN STEP) 



50 (30.8% OF BEAM) 
70(43.2% OF BEAM) 
87 (53 .7% OF BEAM) 



o 
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8 12 4 8" 

Trim Ansle. dec 



Trimming Moment 
S Resistancc 
vs. 

Trim Angle 
at Fixed Speeds 
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Experimental Towinc Tank 
Stevens Institute of TtCHNOLO«Y 
HoeoKEN. H.J. 



XPB2M-I 
Ajf 140,000 LBS. 

WING LIFT AT 1=5' 



- ('--,.5.= xv|,LBS.) 

4.63(67% OF NORMAL) 
6.95 (100% OF NORMAL) 
9.27(133% OF NORMAL) 



Fig. 9 
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Trim angle, dec 




XPB2M-I 
A(f 140,000 LB& 

TAIL MOMENT RATE 

( Vs , LB-FT/DEG.) 

0.98(71 %0F NORMAL) 
1.37(100% OF NORMAL) 
2.05(150% OF NORMAL) 



NO EFFECT 
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S Resistancc 
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Trim Angle 
AT Fixed Speeds 
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Trim angle, dec. 



XPB2M-I 
V 140,000 LBS. 

TAIL DAMPING 
Mq 

(xlO^Vs LB. FT SEC. /RAD) 

0.00 ( 0% OF NORMAL) 
2.02 ( 25%0F NORMAL) 
4.05 ( 50%0F NORMAL) 
a(0( IOO%OF NORMAL) 
I6.20(200%0F NORMAL) 
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Trimming Moment 
S Resistance 
vs. 

Trim Angle 
AT Fixed Speeds 
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XPB2M-I 
A<f 140,000 LBS. 



INTRODUCTION OF 35^ 
LAGGING PHASE ANGLE 
BETWEEN QMq ANDq 



NO EFFECT 
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a Resistance 
vs. 
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AT Fixed Speeds 
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XPB2M-I 
A(f 140,000 LBS. 



INCLUSION OFMu) aZq 
WITH Mq, COMPARED 
TO Mq ALONE 




TrimmingMoment 
8 Resistance 
vs. 

Trim Angle 
AT Fixed Speeds 
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XPB2M-I 
A<f 140,000 LBS. 



ANGLE BETWEEN FORE 
AND AFTERBODY KEELS 

2% 
3% 
4% 
5% 
6% 

7%(N0RMAL) 
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XPB2M-I 
V 140,000 LBS. 

AFTERBODY LENGTH 

(TIMES BEAM AT MAIN STEP) 

2.25 X BEAM 
2.75 X BEAM 
3.25 X BEAM 
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TRiMMfNG Moment 
a Resistance 
vs. 

Trim Angle 
AT Fixed Speeds 
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Stevens Institute of Technology 

HoeOKEN, N.J. 



XPB2M-I 
flo= 140,000 LBS. 
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3% BEAM 
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Experimental Towin« Tank 
Stevens Institute of TtCHNOtosv 
Hoboken. MJ. 



XPB2M-I 
A =140,000 LBS. 



HEIGHT OF MAIN STEP 
STERNPOST ANGLE = 8» 

l%OF BEAM 

57o OF BEAM(NORMAL) 
9% OF BEAM 
13% OF BEAM 



22^ SERIES 



13% 


1 1 


GROUP m A 




TRJMMIN6 Moment 
S Resistance 
vs. 

Trim Angle 
AT Fixed Speeds 







Trim angle, deg. 
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XPB2M-1 
Ao= 140,000 LBS. 

AFTERBODY WARPED 

NO CHINE FLARE 
DEADRISE AT STERNPOST 
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Trimming Moment 
8 Resistance 
vs. 

Trim Angle 
AT Fixed Speeds 
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Experimental Towing Tank 
Stevens Institute of TECHNOiOGr 
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V'^OiOOO LBS. 



STEP VENTILATION 
STEP HEIGHT 1% 



ONLY UPPER LIMIT INVESTIGATED 




Fig. 23 
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Trim Angle 

vs. 
Speed 



-8 



Free-td-Trim Track 
const- sec. 
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EXPERIMENTAL TqWING TANK 

Stevens Institute of Technology 
HoeoKEN, N.J. 




XPB2M-I 
140,000 LBS. 

FOREBODY FORM 
(WARPING OF BOTTOM) 
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Fig. 24 
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Experimental Towing Tank 
Stevens Institute of Technology 
hoboken, n.j. 



XPB2M-I 
A = 140,000 LBS. 



FOREBODY WARPING 

DEADRISE INCREASES 
FWD. OF STEP 

0.0 7b 
2.7 yb 
5.4 yb 
8.1 yb 
10.8 yb 

2^ SERIES 
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Fig. 25 
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Experimental Towing Tank 
Stevens Institute of TtCHNOLOGY 
HoeoKEN, NJ. 



XPB2M-I 
Ao= 140,000 LBS. 

HULL LENGTH 

(TIMES BEAM AT MAIN STEP) 

5.07 X BEAM 
6.19 X BEAM 
7.32 X BEAM 



- [6.I9xBEAM=N0RMAL] 
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Fig. 27 
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ExpeniMCNiAL Towing Tank 
Stevens Institute of TtCMNOto^Y 
HoeoKEN, MJ. 



XPB2M-I 
V 140,000 LBS 



HULL DEADRISE 
(TIMES NORMAL) 

IO»AT STEP (0.5 OF NORMAL) 
20* AT STEP { 1 .0 OF NORMAL) 
30»AT STEP( L5 OF NORMAL) 
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Fig. 28 
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Experimental Towium Tank 
Stevens Institute of T^cmnolmy 
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XPB2M-I 
Atf: 140,000 LB& 

CHANGES OF 
LONGITUDINAL STEP 
POSITION 
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Experimental Towing Tank 
Stevens Institute of TtCHNOtooY 
HoeoKEN, fid 



XPB2M-I 
A<r 140,000 LBS. 

CHANGES OF 
STEP PLAN FORM 

45« V-STEP 
NORMAL 
45* SWALLOW TAIL 




Fig.30 
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Schematic Sketches Showing 
arrangement of apparatus for various 
Types of damping 
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FOR TAIL DAMPING DERIVATIVE Mq ONLY 
SEE PAGE 20 



Carriage 




For tail damping Mq AND VERTICAL VELOCITY DAMPING Zw 
SEE PAGE 20 



Carriage 




FOR Tail damping Mq, and the Aerodynamic moments 

AND FORCES ATTRIBUTABLE TO M^^ AND Zq 
31 SEEPAGE 2 2 




AFTERBODY CHINE FLARE 

J \ L 




Series I 
Height of Main Step 
accomplished by raisino or lowering afterbody 




Series H 
Height of Main Step 
accohplished by raising or lowering afterbody at step 

J \ \ \ L 




Deadrise at Afterbody Sternpost 

NO CHINE FLARE 

J \ \ L 




Ventilation of Main Step 

step HEIGHT 1% BEAM 
accomplished by moving afterbody back 5% BEAM 
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GROUP m Fa H, FOREBODY a HULL CHANGES Fig. 33 



Changes of Forebody Form 




F.P 126 270 414 558 666 774 
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